Abstract. An Ericsson engine is an external heat supply engine working according to a Joule thermodynamic cycle. It is based on reciprocating piston-cylinder machines. Such engines are especially interesting for low power solar energy conversion and micro-CHP from conventional fossil fuels or from biomass. An Ericsson engine prototype has been designed and realized. Due to the geometrical configuration of the compression space of this prototype, in-cylinder fluid wall heat transfer can be important. The influence of this heat transfer on the engine performance is modelled and the main results are presented. The experimental setup designed to study the in-cylinder heat transfer is presented.
Introduction
In 2005 in Colombia near one million of the 45 million Colombians people were living in areas not grid connected or suffering fuel poverty [1] . The issue of the Resolution "PROURE" N°180919 of June 1, 2010 opens possibilities for alternative energies [2] . With the search for alternatives to fossil fuels, very old historical heat engines reappears [3] in order to allow the conversion of renewable energy as solar, biomass or biogas, but also the use of fossil fuels like coal, gas or oil. The so-called "hot air engines" have excellent energetic versatility so that they are readily adapted for this kind of use. Those are defined as external heat supply engines, with separate compression and expansion cylinders, with or without regenerator or recuperator, and with a single phase gaseous working fluid [4] . The family of hot air engines is divided in two subgroups: Stirling engines, invented in 1816, have no valves (Figure 1 The Stirling engine has benefited from many research and development efforts in the second half of the XX th century. But his "cousin" the Ericsson engine has not enjoyed the same interest [5] despite having significant advantages over the Stirling. Amongst them, it is worth to note that the Ericsson engine heat exchangers are not dead volumes, whereas the Stirling engine heat exchangers designer has to face a difficult compromise between as large heat transfer areas as possible, but as small heat exchanger volumes as possible.
Besides, Ericsson engines can operate with air in open cycle and low pressure ratio. This allows to design Ericsson engines that can be built or adapted in countries with little technological development for rural energy applications or distributed generation.
The theoretical Ericsson cycle is made up of two isothermal processes and two isobaric processes. Unfortunately it is not suitable to describe an ideal Ericsson engine. Indeed due to the lack of heat exchange surface in the cylinder, the heat transfers between the working fluid and the hot and cold sources take place in external heat exchangers adjacent to the cylinders instead of through the cylinders wall. So, the cycle made up of two isentropic and two isobaric processes, usually called the Brayton or Joule cycle, seems more suitable to describe the Ericsson engine. This theoretical cycle is often used to describe the gas turbine engine. Actually, the Ericsson engine is a special gas turbine engine where the turbomachines are replaced by reciprocating systems. The engine designed by Joule was a simplified version of the engine built by Ericsson twenty years earlier, as the Joule engine had no recuperator.
As for Stirling engines, Ericsson engines are specially interesting for thermodynamic solar energy conversion and for micro-cogeneration. However, in both fields, Ericsson engines can have some specific advantages on Stirling engines.
In the field of solar energy conversion, most current existing systems for low power thermodynamic solar energy conversion are based on the 'Dish/Stirling' technology [6, 7] , which relies on high temperature Stirling engines and requires a high solar energy concentration ratio (Figure 3 ). www.stirlingenergy.com).
However it is clear that these systems are quite heavy, leading to high costs. Especially the parabolic 'dish' concentrator, the sun tracking system and the engine fixation at the concentrator focus are quite expensive. Also the high pressure high temperature engine requires an expensive technology. Figure 4 ) could lead to a yearly global efficiency higher than 10 % while using a low tech and cheap system [8, 9] .
Unlike internal combustion engines, hot air engines generate low noise and do not need frequent maintenance. Therefore they are particularly suited for low-power combined heat and power (CHP), for residential applications for instance. Up to now, several Stirling engines have been designed for microcogeneration [10, 11] . However it has been shown that a natural gas CHP system based on an open cycle Ericsson engine could be interesting and profitable [12] .
Furthermore there is a great interest for microcogeneration systems based on wood energy. The only system up to now is based on a Stirling engine fuelled by wood pellets. It has been developed by Sunmachine.
Unfortunately it is not yet commercially available. Other tests have been carried out by coupling a Stirling engine in a conventional wood boiler. One of the main problems consists in the fouling of the Stirling heater and the difficulty to clean its surface due to its compactness [13, 14] . For this application the Ericsson engine is also interesting since the heater does not need to be compact and may be designed according to heat transfer and fouling consideration only. According to the modelling results [8] , the prototype is designed to work with air in open cycle as the working fluid. Figure 4 shows the configuration of the system. Figure 5 is a picture of the prototype in our laboratory. The nominal pressure ratio is 3 and the maximum operating temperature is 650 °C. The prototype expansion cylinder capacity is 0.65 dm 3 . The expansion cylinder bore is 80 mm, the piston stroke is 129 mm and the maximum rotation speed is 950 rpm.
The prototype
This prototype has been originally designed to convert small scale concentrated solar energy into electricity. The collaboration with the Renewable Energy Laboratory from the Universidad Nacional in Colombia seeks to hybridize the prototype in order to be able to operate also with biogas.
While designing the prototype, it has been chosen to have a single cylinder with a double acting piston. Figure 6 presents a sketch of the configuration chosen. The upper face of the piston closes the expansion space E, while the lower face of the piston delimits the compression space C. This configuration maximizes the mechanical efficiency since the mechanical power given to the crankshaft is the net mechanical power, that is the power produced by the expansion cylinder reduced by the power consumed by the compression cylinder. 
Heat transfer in the cylinder
Due to the fact that the compression cylinder capacity has to be smaller than the expansion cylinder capacity, the double-acting configuration implies to have a large diameter piston rod in the compression space ( Figure 6 ). Moreover the stroke for this first prototype has been chosen to be 122 mm, much larger than the cylinder bore of 80 mm. Due to piston rings consideration, the lower part of the cylinder wall, the piston rod and the lower side of the piston are water cooled. The compression space has thus a high ratio surface/volume with low temperature wall surface.
Presumably that effective cooling of the compression chamber will reduce the compression energy required, will increase the heat recovery in the recuperator heat exchanger, but will require increased thermal power to be supplied by the heat source (H). In addition, it is also known [15] that in reciprocating positive displacement machines, alternate fluid -cylinder wall heat transfer can be a loss of energy. Indeed, during its expansion, the mass of fluid trapped in the death volume of the cylinder does not give back the energy accumulated during its compression. Under these conditions, it is possible that the heat exchange between the working fluid and the cylinder walls can have a significant influence on the engine performance.
In order to evaluate this influence, a model of the Ericsson engine has been developed [16] . In this model, three different correlations have been used to calculate the in-cylinder fluid to wall heat transfer, the Eichelberg correlation [17] , the Woschni correlation [18] and the Hohenberg correlation [19] .
The modelling assumptions and the numerical resolution procedure are described in [16] . For the simulation results presented hereafter, the atmospheric air temperature at the inlet of the compression space C is set to 300 K, identical to the compression space wall temperature. In theses simulations an efficient water cooling of the compression cylinder wall is thus assumed. The temperature of the compressed air at the inlet of the expansion space E is assumed to be 923 K, and the expansion space wall temperature is set to 850 K. Figures 11 and 12 show the evolution of the instantaneous fluid temperature in the compression and expansion spaces. For the compression cylinder, the 3 correlations give quite similar temperature evolutions, but quite different from the adiabatic case. For the expansion cylinder, the temperature evolutions are quite different during the exhaust phase according to the correlation considered. Figures 13 and 14 show the entropy diagram of the fluid state in the compression and expansion cylinders for each of the four cases considered. This diagram is reduced to a vertical line in the adiabatic case, except for a small loop due to the mixing during the inlet phase (at low temperature for the compression cylinder, fig. 13 , and high temperature for the expansion cylinder, fig. 14) . It is also observed that the cooling of the cylinder walls leads to an energy consuming cycle in the compression cylinder: the mechanical work produced by the expansion of the fluid trapped in the dead volume is lower than the work consumed during compression because of the fluid cooling. This negative effect of the dead volume is greater when taking the Hohenberg correlation into account. This applies to the expansion cylinder where the alternate heat transfer also creates a 'negative loop' in the entropy diagram. This time the Eichelberg correlation leads to the greatest loss of mechanical energy. Finally, figure 15 shows the overall entropy diagram of the cycle in the four cases considered. The heat transfer does not affect very much the global cycle evolution. In particular the heater pressure is hardly modified by heat transfer. On the other hand, temperatures T 2 , T 3 , T 5 andT 6 at the inlets and outlets of the recuperator heat exchanger are quite modified by in-cylinder heat transfer. This theoretical study [16] shows that heat transfer to the walls can significantly modify the temperature at the inlets and outlets of the recuperator heat exchanger, but that it does not affect very much the fluid mass flowrate, the pressure at the inlet of the expansion cylinder, the net power and the efficiency of the whole Ericsson engine.
Experimental setup
It has thus been decided to carry out an experimental investigation on in-cylinder heat transfer. This study is now in progress, so that only the experimental setup can be presented. Figure 15 presents a sketch of the Ericsson engine. In normal engine operation, the air which acts as the working fluid of the engine is taken from the environment through the filter F. It passes through the flowmeter DEB then enters the compression space (in cyan). After compression, the air receives heat from the heat recovery "recuperator" exchanger RST1 and from the electrical heater REH. A buffer tank RST2 is inserted in the circuit before the expansion space. Afterwards the expanded air gives heat to the compressed air in the recuperator HS before being discharged to the atmosphere. An incremental angular coder AS allows to calculate the instantaneous compression space volume. An optical tachymeter CT is also used to monitor the rotational speed. Three Keller-Druck pressure transducers (ref PR23S) are installed at the inlet duct (1), at the outlet duct (2) and also in the cylinder head (c). Together with the angular coder the latter allows to plot the (p,V) indicated diagram of the expansion space. Different 0.1 mm K type thermocouples are also implemented in several locations of the air or water circuit.
Besides this usual instrumentation, a 0.025 mm diameter K type micro-thermocouple is installed in the compressor cylinder head (c). This was specially built by Professor F. Lanzetta from the FEMTO Laboratory of the FrancheComté University (Belfort, France). Figure 16 shows the picture of the manufacturing process of the thermocouple just after being welded. Figure 17 presents the thermocouple mounted on the M10 fine threaded device ready to install. The response time of the thermocouple is estimated at 34 ms [20] . Unfortunately this device is very fragile. The measurement procedure is started only when the system attains a (periodical) stationary state. It is considered that the compressor, driven by the electric motor (ME), arrives to steady state once the cylinder wall temperature varies less than 0.1 °C during 60 s. This could take between 20 and 28 min.
Conclusion
Ericsson engines are appropriate for low power solar energy and biomass energy conversion. An Ericsson engine prototype has been designed and built. Due to the geometrical design of its compression space, the influence of in-cylinder fluid wall heat transfer is studied. The modelling results show that heat transfer to the walls can significantly modify the temperature at the inlets and outlets of the recuperator heat exchanger, but that it does not affect very much the fluid mass flowrate, the pressure at the inlet of the expansion cylinder, the net power and the efficiency of the whole Ericsson engine. The experimental setup designed to study the in-cylinder heat transfer is presented.
